Study Objectives: Emerging evidence suggests that periodic limb movements (PLMs) may contribute to the development of cerebrovascular disease. White matter hyperintensities (WMHs), a widely accepted biomarker for cerebral small vessel disease, are associated with incident stroke and death. We evaluated the association between increased PLM indices and WMH burden in patients presenting with stroke or transient ischemic attack (TIA), while controlling for vascular risk factors and stroke severity. Methods: Thirty patients presenting within 2 weeks of a first-ever minor stroke or high-risk TIA were prospectively recruited. PLM severity was measured with polysomnography. WMH burden was quantified using the Age Related White Matter Changes (ARWMC) scale based on neuroimaging. Partial Spearman's rank-order correlations and multiple linear regression models tested the association between WMH burden and PLM severity. Results: Greater WMH burden was correlated with elevated PLM index and stroke volume. Partial Spearman's rank-order correlations demonstrated that the relationship between WMH burden and PLM index persisted despite controlling for vascular risk factors. Multivariate linear regression models revealed that PLM index was a significant predictor of an elevated ARWMC score while controlling for age, stroke volume, stroke severity, hypertension, and apnea-hypopnea index.
INTRODUCTION
The clinical significance of periodic limb movements (PLMs) in sleep is unclear. PLMs are repetitive stereotyped triple flexion movements involving the great toe, ankle and hip. PLMs are associated with a number of medical conditions including Restless Legs Syndrome (RLS), radiculopathy, Parkinsonism, as well as certain medication exposures. 1 Ischemic stroke has also been reported to give rise to PLMs, however, emerging evidence suggests that PLMs themselves may also contribute to the development of cerebrovascular disease. 2 Recent evidence suggests that long-duration RLS is associated with increased silent cerebral small vessel disease in the absence of vascular risk factors or overt stroke. 3 PLMs are associated with night-time autonomic hyperactivity, which gives rise to significant nocturnal fluctuations in heart rate 4 and blood pressure (BP), 5, 6 and may result in daytime hypertension. 2 PLMs are also associated with increased markers of inflammation 7, 8 and may increase the risk of atherosclerotic plaque formation and rupture. 8, 9 Although PLMs have been linked with incident cardiovascular disease 10 and mortality, 11 the association with cerebrovascular disease is underexplored, with only one retrospective study supporting a positive association. 12 White matter hyperintensities (WMHs), which appear hyperintense on T2-weighted magnetic resonance imaging (MRI), are a marker of cerebral small vessel disease and they also predict an increased risk for stroke. 13 Despite their high prevalence and clinical significance, the pathophysiology of WMHs remains largely unknown with traditional vascular risk factors incompletely explaining their occurrence. 14 We hypothesized that a higher night-time PLM index in patients with and without RLS presenting with first-ever minor stroke or transient ischemic attack (TIA) would be independently associated with a greater quantity of WMHs visualized on neuroimaging, even after controlling for the effects of vascular risk factors and stroke severity.
METHODS

Ethics
This study was approved by the Sunnybrook research ethics board. Written informed consent was provided by all study participants.
Statement of Significance
Emerging evidence suggests that periodic limb movements (PLMs) may be linked with the development of vascular events such as stroke. White matter hyperintensities (WMHs) are a well-established neuroimaging marker for incident stroke, dementia and death. Our study demonstrates that elevated PLM indices are associated with a greater quantity of radiographically-detected WMHs, a relationship that persisted even when controlling for age, vascular risk factors, the presence of sleep apnea, and stroke volume. We conclude that PLMs may be a risk factor for or marker of WMH burden. These results invite further investigation of PLMs as a potentially useful target to reduce WMH and stroke burden.
Study Population
We consecutively recruited patients presenting within 14 days of symptoms with either a neuroimaging-confirmed minor ischemic stroke (NIH Stroke Scale score 15 ≤3) or high-risk TIA (ie, motor or speech disturbance lasting at least 5 minutes, or any TIA associated with a >50% symptomatic carotid stenosis). Patients also completed polysomnography after recruitment into our study. Patients with a prior stroke seen on neuroimaging (based on a neuroradiologist report and the presence of a chronic appearing infarction on computed tomography (CT) or MRI FLAIR imaging), a life expectancy of less than 12 months at the time of recruitment, cognitive impairment and/or a language barrier restricting the ability to answer questionnaires or participate with polysomnography were excluded.
Clinical Data, Scales and Questionnaires
The following clinical data was obtained: (1) Past medical history, including well-established triggers for PLMs that predated the stroke/TIA (eg, RLS, radiculopathy, myelopathy, Parkinsonism, multiple sclerosis, and medication triggers [ie, selective serotonin reuptake inhibitors, lithium and tricyclic antidepressants]), 1 (2) National Institutes of Health Stroke Scale, 15 (3) Epworth Sleepiness Scale score, 16 and (4) RLS Diagnostic Questionnaire. Questions on the RLS Diagnostic Questionnaire were developed using diagnostic criteria established by the IRLSSG in 2003, 17 and a similar questionnaire has been used in several large studies. 18, 19 Patients who endorsed diagnostic criteria for RLS on the RLS Diagnostic Questionnaire were further evaluated in-person by a sleep neurologist, which ensured that RLS mimics (eg, leg cramps, peripheral neuropathy, radiculopathy, positional discomfort, and arthritic pain) were minimized; this also satisfied the recently-added fifth criteria for diagnosing RLS.
20 "Clinically-significant RLS" was defined as RLS symptoms occurring at least 5 to 15 days per month causing at least moderate distress to the patient. 18 A patient was considered to have "mild RLS" if they met diagnostic criteria for RLS but their symptoms did not occur with sufficient frequency and/or severity to be diagnosed with "clinically-significant RLS".
Polysomnography
Level 1, technologist-monitored in-hospital polysomnography (Compumedics Neuroscan, Australia) using standard recording and scoring methods 21 was obtained a median of 51 days (interquartile range [IQR] = 18-109) after the cerebrovascular events. Sleep was manually staged according to criteria from the American Academy of Sleep Medicine (AASM). 21 All studies were interpreted by a diplomate of the American Board of Sleep Medicine and scored by a registered polysomnographic technologist. Limb movements were scored according to the AASM scoring rules, 21 and we used a nasal pressure transducer to exclude upper airway resistance. Limb movements were not scored within 0.5 second of a respiratory event.
Neuroimaging: Quantification of WMHs MRI and CT were acquired at Sunnybrook Health Sciences Centre a median of 3 days (IQR = 1-8) after the cerebrovascular events. If CT and MRI were performed in the same patient, only MRI data was analyzed. MRI (General Electric Medical Systems) included T2 Fluid Attenuated Inversion Recovery (FLAIR) and Diffusion Weighted Image (DWI) sequences.
The quantity of global WMHs was visually quantified using the Age Related White Matter Change (ARWMC) Scale 22 by a single imaging analyst (RTM). Using this validated rating scale, the degree of WMHs appearing hyper-intense on FLAIR and/ or hypo-dense on CT in the bilateral frontal, occipital-parietal, basal ganglia, temporal and infratentorial brain regions were graded on a Likert scale from 0 to 3. With the exception of the basal ganglia sub-score, a score of 1 is given for those WMHs that appear focal; and a score of 2 is given to those WMHs that are beginning to appear confluent; and a score of 3 is given for the presence of fully confluent WMH lesions. For the basal ganglia sub-score, a single observed focal lesion (≥5 mm) is given a score of 1, two or more focal lesions are scored 2, and confluent lesions are scored 3. Inter-rater reliabilities for the ARWMC ratings were examined using Intraclass Correlation Coefficients (ICC) for absolute agreement with 10 gold standards produced by an experienced research neuroradiologist (FQG). The ICC for single rater RTM was r 2 = .96 (p = .0001).
Neuroimaging: Quantification of Stroke Volumes
Acute stroke lesions on CT were defined as areas of significant hypodensity (compared with contralateral tissue) that were associated with the acute stroke symptom presentation. Similarly, acute stroke lesions on MRI were defined as areas of hyperintensity on DWI with corresponding hypointensity on the Apparent Diffusion Coefficient (ADC) images compared to contralateral tissue. TIA was diagnosed in the absence of imaging findings of an acute infarction, but a suitable clinical history as determined by a consultant stroke neurologist. All stroke localizations were confirmed by a formal neuroradiologist report. In order to compute stroke volumes, infarcted tissues were planimetrically traced based on intensity changes compared to contralateral tissue. Acutely infarcted tissues appearing hypodense on CT or hyperintense on MRI DWI were traced using ANALYZE 8.0 (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN).
Statistical Analyses
Frequency counts were computed for categorical variables and compared between groups (PLM index <5, PLM index ≥5) using chi-square tests. Means and SDs were calculated for normally distributed continuous variables and compared between groups using independent samples t tests. For non-normally distributed continuous variables and ordinal data, we calculated the median and range and compared group values using the Mann Whitney U test.
Multiple linear regression models were constructed to test our hypothesis that PLM index would be independently associated with increased WMH burden as measured by the ARWMC scale. The ARWMC scale was a normally distributed continuous variable in our sample (Shapiro-Wilk statistic = 0.94, p = .099). Based on established methodology, our sample size determined the maximum number of predictors entered into each regression model (one predictor for every 10 patients) 23 ; therefore, our sample allowed a maximum of three variables per model (including PLM index). We constructed multiple successive regression models where we entered age with other covariates of interest (ie, stroke volume, presentation with stroke, sex, NIHSS, hypertension, apnea-hypopnea index, clinically significant RLS, antihypertensive medication use, lipid-lowering medication use, prior or current smoking, BMI, and prior spinal surgery). Prior to modeling, all variables were assessed for multicollinearity (tolerance statistic value < 0.4); if multicollinearity was found, only one member of a correlated set of variables was retained in the model. The final model was assessed for any potential violations to linear regression modeling using residual plots.
In order to more fully understand the relationship between PLM index and quantity of WMHs, we also computed bivariate correlation coefficients between ARWMC scores, PLM index and general characteristics, vascular risk factors, and other polysomnography parameters using Pearson's r for normally distributed continuous variables, Spearman's ρ for non-normally distributed continuous variables, and binary linear regression for dichotomous and ordinal variables. Finally, Partial Spearman's rank-order correlations were computed to evaluate the relationship between polysomnography parameters and WMH burden while controlling for vascular risk factors and stroke severity.
Statistical analyses were conducted using P.A.S.W. Statistics 21.0 (SPSS Inc., Chicago, IL). Statistical significance was set at p < .05. As the analyses were considered exploratory in nature, no adjustment for multiple testing was carried out.
RESULTS
Characteristics of the Study Population
Thirty patients enrolled in our study (mean age 63.7 ± 13.5 years, 57% male, and 53% presented with stroke). Thirty-seven percent of the participants were post-menopausal women: 20% with a PLM index <5 per hour and 53% with a PLM index ≥5 per hour, a difference that approached statistical significance (χ 2 = 3.59, p = .058).
Patients with a PLM index ≥5 were more likely to have a greater quantity of WMHs as measured by the ARWMC scale (Table 1) . In addition, patients with a PLM index ≥5 had a greater proportion of one or more well-established trigger(s) for PLMs that predated the stroke/TIA compared to patients with a PLM index <5 (χ 2 = 8.57, p = .003); however, there were no differences among the groups in the polysomnography parameters examined. Among those with a PLM index ≥5, age (p = .052) also approached statistical significance. Patients who had presented with stroke (as opposed to TIA) had a greater quantity of PLMs detected on polysomnography (25.3 ± 29.8 vs. 6.8 ± 8.2; p = .03).
Ten patients endorsed diagnostic criteria for RLS (5 with "mild RLS" and 5 with "clinically-significant RLS"); 6 of the 10 patients with RLS noted a prior history of RLS. Among those with or without RLS, there were no statistically significant differences in those with an elevated PLM index ≥5 per hour (Table 1 ). In addition, there were no statistically significant differences in age among those with and without RLS (RLS: 61.8 ± 8.5 years vs. no RLS: 64.7 ± 15.5; p = .59).
Only one patient endorsed consuming a quantity of alcohol that was above the Canadian drinking guidelines; this patient also suffered from a lumbosacral radiculopathy and polysomnography revealed a PLM index of 50.1 movements per hour. Another patient endorsed consuming 1-2 joints of marijuana per week and polysomnography did not reveal the presence of any PLMs; no other patients reported illicit drug use.
Linear Regression Analyses
In all our linear regression models, while sequentially controlling for the impact of age with other covariates of interest, PLM index remained a significant independent predictor of an elevated ARWMC score (Table 2) . No other variable emerged as a significant predictor of ARWMC score.
Correlations of ARWMC Scores With General Characteristics, Vascular Risk Factors, and Polysomnography Parameters
Bivariate correlational analyses revealed that the PLM index (ρ = 0.42, p = .02) and stroke volume (ρ = 0.38, p = .04) were significantly correlated with a greater degree of WMHs as measured by the ARWMC scale, while age (r = 0.34, p = .06) and presentation with stroke (R = 0.32, p = .09) approached statistical significance (Table 3) . Presentation with stroke (as opposed to TIA) was significantly correlated with an elevated PLM index (R = 0.39, p = .03). In addition, the presence of any prior PLM trigger (R = 0.4, p = .03) and prior spine surgery (R = 0.38, p = .04) was significantly correlated with an elevated PLM index (Table 3) . Using partial Spearman's rank-order correlations, PLM index remained significantly correlated with WMH burden while controlling for age, gender, BMI, NIHSS, hypertension, hyperlipidemia, diabetes, prior or current smoking history, and coronary artery disease (Table 4) .
DISCUSSION
In our sample of patients with or without RLS who presented with a first-ever symptomatic cerebrovascular event, a higher PLM index was associated with a greater degree of WMH burden. This relationship persisted despite controlling for the effects of age, stroke volume, stroke severity, vascular risk factors, medications, and the apnea-hypopnea index. Our study suggests that greater PLMs during sleep may predict a greater burden of WMHs, a well-established marker of cerebral small vessel disease, even after accounting for important covariates. Given the close relationship of PLMs with RLS, this result is also congruent with recent work which demonstrated that an increased duration of RLS was associated with a greater burden of WMHs on neuroimaging. 3 As our study was cross-sectional in nature, we could not determine the direction of this relationship and several interpretations are plausible. One interpretation of our data is that PLMs may predispose to WMHs. PLMs can develop over time from many different etiologies. In our study, the presence of any prior PLM trigger was associated with an elevated PLM index; prior spine surgery was also significantly correlated with a greater quantity of PLMs (Table 3) , however, prior spine surgery was not a significant predictor of WMH burden in our linear regression models, while PLM index was (Table 2) . Of note, prior to the cerebrovascular event that enrolled patients in this study, none had a neuroimaging-defined earlier stroke or clinical history of a previous cerebrovascular event that may have triggered PLMs. One way of interpreting the reported data is that the various pre-existing triggers for PLMs gave rise to PLMs prior to the participants sustaining their index stroke or TIA. Through the different mechanisms postulated to link PLMs with cerebral small vessel disease (detailed below), the PLMs may have contributed to the development of WMHs over the course of years. In addition, presentation with stroke also likely contributed to the presence of PLMs as patients presenting with stroke had a greater mean PLM index compared to those presenting with TIA; moreover, presentation with stroke was significantly correlated with an elevated PLM index (Table 3) . However, presentation with stroke and stroke volume did not emerge as significant predictors of an elevated ARWMC score in our multivariate linear regression models, although the PLM index remained a significant predictor after controlling for these and other covariates of interest ( Table 2 ), suggesting that presentation with stroke did not significantly influence the relationship between PLM index and WMH burden. PLMs may be linked with small vessel disease of the brain through multiple pathophysiological mechanisms (Figure 1) . PLMs are associated with significant night-time fluctuations in heart rate 4 and BP. 5, 6 Given the vulnerability of the subcortical white matter to ischemia, abnormal diurnal BP decreases could lead to WMHs. 24 Furthermore, nocturnal autonomic dysfunction could deregulate daytime BP, giving rise to daytime hypertension. 2 Consistent with this, PLMs have been found to be prevalent in patients with essential hypertension, 25 a risk factor for WMHs.
14 In addition, BP oscillations themselves may also warrant special attention. 26 Variability of blood flow is thought to induce shear stress, platelet activation, leading to a potentially hypercoagulable state 27 ; moreover, experimental models have shown that pulsatile blood flow may promote inflammation, oxidative stress and increase the risk of atherosclerotic plaque formation and rupture. 9, 28 Not surprisingly, variability in BP has also been demonstrated to be associated with silent cerebral damage in multiple studies. 29, 30 Furthermore, patients with elevated PLM indices have been found to have increased markers of inflammation and oxidative stress. 7, 8 Finally, another postulated mechanism is the link of PLMs with hypoxia. PLMs have been demonstrated to be associated with cerebral hemodynamic fluctuations, 31 which have been interpreted to represent transient cerebral hypoxia. 3 Peripheral hypoxia has also been shown to be linked with the presence and severity of RLS symptoms. 32 Elevated PLM indices have been demonstrated to be associated with incident cardiovascular events 10, 11 and structural changes of the left ventricle of the heart, 11,33 however, whether PLMs are similarly linked with silent or overt cerebrovascular disease remains uncertain. A single retrospective study has suggested an association between a history of stroke and elevated PLM indices, 12 but a prospective study did not demonstrate that elevated PLMs indices were associated with incident stroke (although a link with cardiovascular events was found). 10 To our knowledge, this is the first study to reveal a possible association between nocturnal PLMs and the degree of WMHs in patients with first-ever stroke/TIA. PLMs during sleep could be related to cerebral small vessel disease, of which WMHs are an important surrogate, though future validation in prospective studies is needed.
Another possible explanation for our results is that WMHs may contribute to the development of PLMs. The pathways implicated in the generation of PLMs are still being determined via animal models. 34 Whether the small vessel disease pathology that gives rise to WMHs is actually sufficient to cause PLMs is unknown. In further analyses, we did not find that WMHs aggregated in any particular brain region in patients with greater PLM indices, however, a yet-undetermined multifocal network may be implicated in the generation of PLMs, and WMHs may have aggregated in several nodes of such a network. Alternatively, the presence of WMHs may make pathways important in the pathogenesis of PLMs vulnerable to ischemic insult and thus exacerbate the PLM index in the setting of acute stroke/TIA. If this explanation was correct, the presence of PLMs would be a surrogate marker for increased vascular burden, as defined by a greater quantity of WMHs on neuroimaging.
PLMs are known to increase in prevalence with advanced age, 1 and in our patients with a PLM index ≥5 per hour compared to those with a PLM index <5 per hour, age approached statistical significance (p = .052). To control for the potentially important impact of age in our analyses, we included age as a covariate in our linear regression models and partial Spearman rank-order correlations, and the PLM index still remained significantly associated with WMH burden (Tables 2 and 4) .
We did not find an association of respiratory-related polysomnography parameters (ie, apnea-hypopnea index or lowest oxygenation in sleep) with WMHs. This is consistent with the present literature that has not firmly established a link between OSA or nocturnal hypoxia and cerebral WMHs. 35, 36 Of note, several studies reporting a positive association did not control for the effect of vascular risk factors, particularly hypertension, as we do in the present study. Prior studies that explored the relationship between respiratory-related sleep parameters and WMHs did not report on PLMs, and many used portable polysomnography devices that did not measure limb movements in sleep; thus, an association of WMHs with PLMs may not have been detected.
We did not find an association between a diagnosis of RLS and WHMs, consistent with one prior study, 37 but we were likely under-powered to observe a significant relationship. Recent evidence suggests that it may be the duration of RLS that confers the increased risk of cerebral small vessel disease. 3 Moreover, RLS has been fairly convincingly demonstrated to be associated with cardiovascular disease in multiple cross-sectional studies, 38 and a single prospective study demonstrated that women with RLS for at least 3 years had an elevated risk of incident cardiovascular events. 39 Evaluation of patients with more severe and/or chronic forms of RLS may reveal significant associations with covert and overt cerebrovascular events.
There was an approximate 2-month delay between patient recruitment and polysomnography, however, we do not think that this delay significantly impacted our results since WMHs are known to evolve over the course of years.
14 Furthermore, the time between cerebrovascular events and polysomnography was not associated with WMH burden or PLM index in our study (Table 3) .
Our study had several limitations. We had a small sample size, but the novel possible relationship reported invites future replication in a larger sample. Furthermore, our study population only included patients presenting with TIA or minor stroke, limiting generalizability. However, our findings may be more generalizable in that our results do suggest that even after controlling for the presence of vascular risk factors (Table 4) , PLMs may convey a significant risk for WMH burden. Furthermore, the use of a simple PLM index (ie, number of PLMs per hour of sleep) may not sufficiently reflect the clinical significance of PLMs, and other limb movement parameters (eg, periodicity and time distribution) may be particularly relevant. 40 Finally, we used a single night of polysomnography but there is evidence that the PLM index may vary from night-to-night in patients with 41 and without RLS. 42 In conclusion, we demonstrate that elevated PLM indices are associated with greater WMHs in patients presenting with TIA or minor stroke, even after controlling for the effect of age, stroke volume, stroke severity, vascular risk factors, and the apnea-hypopnea index. While sleep-disordered breathing has been the most widely examined nocturnal phenomenon in the context of vascular disease, our results shed light on the potentially important, yet relatively underexplored, association of night-time PLMs with cerebrovascular disease. Large population-based prospective studies are needed to confirm the observed relationship between PLMs and WMHs, and establish the relative contribution of each directional relation. Since PLMs are common after stroke, 12 if PLMs are found to be a significant modulator of vascular disease they could potentially serve as a valuable therapeutic target for cerebrovascular 
